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1 |  INTRODUCTION
One of the ways to improve heat transfer efficiency is to 
use a spiral structure for tubes instead of conventional di-
rect tubes. Compared to the direct tubes, spiral tubes have 
a more compact surface and have higher heat transfer and 
friction coefficients. When the fluid flows through the spi-
ral tubes, it influences by the centrifugal force which this 
centrifugal force creates a secondary flow in the fluid, and 
as a result, this secondary flow increases the axial flow 
velocity near the outer wall of the tube. Thereby increasing 
the axial velocity will reduce the thermal resistance and 
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Abstract
Non‐Newtonian fluids are considered to those types of fluids that do not follow 
Newton's law of viscosity where viscosity would change in either more solid or liq-
uid. The objective of this study, a parametric simulation, was performed to investigate 
the considerable influence of non‐Newtonian fluids on different parameters on spiral 
tubes. Firstly, governing equations have derived by computational fluid dynamics 
methods to compare the laminar and turbulent flows. Then, the turbulent flow, the 
non‐Newtonian flow, power law flow, and cross models are simulated according to 
the boundary conditions. Consequently, for the Reynolds range of 600‐2500, increas-
ing the Reynolds number decreases the friction coefficient. It is observed that in slow 
flow, there is no significant difference between the results of cross and power law 
models. The distribution of velocity profile has slight variation at the pipe outlet for 
Reynolds 9000 and 20 000. In other words, the flow is constant in developed region 
inside the spiral pipe. Moreover, the investigation of pressure drop inside the pipe 
revealed that regarding the increase in Reynolds number, the friction coefficient de-
creases. In spiral tubes, due to the presence of secondary currents, the friction coef-
ficient is higher than the direct tube.
K E Y W O R D S
computational fluid dynamics, governing equations, non‐Newtonian flow, Reynolds number, turbulent 
flow
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thereby increase the heat transfer coefficient. Moreover, 
increasing the velocity will increase the friction coef-
ficient and, as a result, increase the pressure drop of the 
fluid in the direct tubes. In the spiral tubes, the factors 
that affected heat transfer coefficient and pressure drop in-
clude the Reynolds number, Prandtl number, Newtonian or 
non‐Newtonian of the fluid, and well boundary conditions 
which are depended to the tube radius, coil radius, and coil 
steps. Due to the compact structure and the high coefficient 
of heat transfer in the coils, spiral tube of heat exchangers 
is used in a variety of industries such as cryogenic indus-
tries, natural gas liquefaction, food and pharmaceutical in-
dustries, refrigeration, and air conditioning.1-5
Different non‐Newtonian fluids such as polyox and 
clay suspensions have been used in numerous indus-
tries. Regarding the complexity of flow behavior of non‐
Newtonian fluids in spiral tubes or coiled pipes, it is 
necessary to rearrange the derived formulas according to 
the characteristics of these fluids.6-11 Regarding the pro-
duced secondary fluid flow that is made by centrifugal 
forces in spiral tubes, the components of velocity are made 
in the existed directions. In the upcoming years, numer-
ous studies and analytical investigations have been per-
formed in curved tubes (spiral tubes or coiled pipes).12-16 
According to Dean's study, the gradient of pressure drop 
is depended to the curvature of the spiral tube in curved 
pipes and tubes. Spiral tubes are of great importance in 
terms of geometry and heat transfer efficiency.17-19 These 
types of converters can be found in energy recovery sys-
tems, nuclear reactors, and medical devices such as dial-
ysis and many other applications.20-23 One of the essential 
advantages of using spiral tubes as heat exchangers is their 
higher adequate level than direct tubes in the same volume. 
In other words, these pipes can accommodate a significant 
exchange of heat in a small space.24,25 In 1967, the internal 
and external heat transfer coefficients of the thermal sys-
tem including spiral tubes were studied in a stirrer vessel. 
They proposed five different tubes were considered at dif-
ferent velocities and operational conditions. They provided 
an equation for calculating the Nusselt number based on 
the spiral tube geometry.26 Jones et al27 proposed a method 
to increase efficiency and increase turbulence without 
using a stirrer. In this method, different diameters were 
used for spiral pipes.27 They explored the impact of this ge-
ometry on the spiral tube heat transfer coefficient inspired 
by the study of Jones et al,27 and they proposed geometry 
for spiral tubes. They investigated two experimental cor-
relations for the Nusselt number in terms of the curvature 
coefficients of the spiral tube and the Reynolds and Prandtl 
numbers for two intervals of material with a Prandtl higher 
than one and a Prandtl number smaller than one.26 In 1997, 
the coefficient of external surface heat transfer for spiral 
tubes was also achieved.28 The heat transfer coefficient of 
the tubes was obtained by Kalb and Seader29 by providing 
an empirical correlation.29 Due to the lack of cheap and fast 
processor systems, no numerical studies were conducted on 
spiral tubes until 1995, and simulated these tubes in a com-
prehensive and valuable study, and examined the effect of 
the Prandtl number and the spiral curve step on these tubes.
Regarding the required simplifications of non‐Newtonian 
fluids in curved pipes, several analytical models were pro-
posed by researchers; however, these estimations would not 
agree with the experimental results of Rajasekaran et al30 
that they found that rheological properties and the curvature 
of these fluids proportionally influence the pressure drop in 
every dimension. Firstly, the value of pressure drop in the 
diameter axis would explicitly be depicted that the secondary 
flow is the function of curvature ratio. Even though Raju and 
Ratna31 proposed theoretical predictions of non‐Newtonian 
fluid, the considerable influence of curvature ratio on the 
heat transfer and momentum in spiral tubes were not in the 
excellent agreement with experiment results.31 Nakayama 
et al32 investigated numerically in a helix tubing system.32 
Jayakumar et al33 studied the heat transfer of heat exchangers 
for shell and tubes with spiral tubes using FLUENT software, 
and the purpose of this study was to obtain a Nusselt num-
ber and compulsory displacement of the inner surface of the 
tube.33 In 2010, Jayakumar et al34 analyzed the single‐phase 
CFD flow into spiral tubes.34-37
Although there are numerous studies have reported in the 
literature to investigate the considerable influence of non‐
Newtonian fluids in heat exchangers, in this comprehensive 
study, the dynamical behavior of non‐Newtonian fluids in the 
turbulent flow of spiral tubes has been proposed, and various 
models of turbulence, instability, roughness, and heat transfer 
in these tubes were performed. Furthermore, the Newtonian, 
Power low, and Cross models were simulated using ANSYS 
and FLUENT software. The effect of Reynolds number on 
the friction coefficient inside the spiral tube and shear stress 
on the wall, the impact of n and K on the friction coefficient 
and pressure drop, and the effect of roughness in turbulent 
flow on heat transfer enhancement and friction coefficient 
were carried out. On the other hand, heat transfer character-
istics in constant temperature and constant thermal flux were 
considered in this study. Subsequently, there are plenty of 
correlations with non‐Newtonian flows; they are all within 
a specific range of conditions and cannot be generalized to 
all models. Thereby, the use of experimental models requires 
a lot of time and vast expenditures. To reduce these costs 
and modeling in the shortest possible time, using numerical 
methods by commercial software or programming can be 
partly responsible for these constraints. However, it is still 
not possible to rely on these new methods due to hardware 
and software limitations.
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2 |  GOVERNING EQUATIONS
In this part of the study, the turbulent flows and their govern-
ing equations were derived, and the various models proposed 
for numerical solution of the turbulent flows. In the follow-
ing, the generalization method of these equations is pre-
sented for non‐Newtonian flows and their differences with 
Newtonian flows, as well as the way of discretization and the 
required assumptions for these models to be used.
2.1 | A statistical method to investigate 
turbulent flows
If a specific point is considered in the flow field within a 
pipe, and its velocity is calculated in terms of time, the curve 
is similar to Figure 1 (FLUENT)38.
As can be seen in Figure 1, the turbulent velocity field u (t) 
is obtained by the combination of two parts of mean velocity 
u and fluctuating velocity u, which is defined as the velocity 
fluctuation during the time.
The average velocity is defined as follows:
where T1 is chosen so large that in the case of time values 
larger than T1, no change is observed in the integral size. 
In other words, u must be independent of the selected time 
T1. The loading symbol (‐) on the velocity component rep-
resents the average time quantity, and u is the vacillation 
velocity component. In general, the mean quantity 휂 can 
be calculated in two ways: ensemble averaging and time 
averaging.
2.2 | Continuity equation for turbulent flows
The differential form of the continuity equation is as follows:
In general, the conservation equations governing the tur-
bulent fluid flow can be written as follows:
2.2.1 | Momentum conservation
2.2.2 | Energy conservation
The parameter 휆 in the above equation expresses the ther-
mal conductivity. The above equations are called RANS 
equations. These formulas are explicit that no assumptions 
have been made to obtain them or to simplify them.
2.3 | Turbulence energy equation in 
turbulent flows
If the momentum equation was used for incompressible 
flow with a static viscosity, the following equation would 
be obtained by multiplication of the velocity component 
along the i in momentum equation, and then, it is simpli-
fied as follows:
The above equation has an energy unit and is called “en-
ergy equation.” The following equations were extracted from 
Equation 6. (휌u′
i
u′
j
) is defined as the mean of density‐weighted 
fluctuation, and 휏ij,Turb is the Reynolds stress tensor.
(1)u(t)=usteady
value
+u�(t)
fluctuating
component
(2)u= 1
T1
T1
∫
0
dt
(3)휕휌
휕t
+
휕
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[
휕ui
휕t
+ujui,j
]
=−Pi+ (휌−휌0)gi+
[
휇(ui,j+uj,i)−휌u
�
i
u�
j
]
j
(5)휌Cp
[
휕T
휕t
+ujTj
]
= (휆Tj−휌Cpu
�
j
T �)j+H
(6)
휕
휕t
(
uiuj
2
)
= −
휕
휕xi
[
ui
(
p
휌
+
uiuj
2
)]
+휈
휕
휕xj
[
ui
(
휕ui
휕xj
+
휕uj
휕xi
)]
−휈
(
휕ui
휕xj
+
휕uj
휕xi
)
휕ui
휕xj
(7)휏ij=휇
(
휕ui
휕xj
+
휕uj
휕xi
)
−휌u�
i
u�
j
= 휏ij,Lam+휏ij,Turb
(8)
휏ij,Lam=휇
(
휕ui
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+
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휕xi
)
F I G U R E  1  Velocity changes vs time in one point of turbulent 
flow
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2.4 | Wall boundary condition
The wall boundary condition is used on the boundaries in 
which the fluid is enclosed by a solid. In viscous flows, being 
not viscosity for flow which is sticking to the wall is as-
sumed to be on FLUENT software. The flow velocity, which 
is sticking to the wall, can be determined by calculating the 
shear stress value. The FLUENT software uses flow charac-
teristics in adjacent wall elements for viscous flow simula-
tion to calculate and predict the shear stress value. In slow 
flows, shear stress calculation depends only on the velocity 
gradient on the boundary of the wall. In slow flows, shear 
stress of the wall is obtained in terms of the vertical veloc-
ity gradient ratio to the wall (Equation 10). If the vertical 
velocity gradient ratio to the wall is high, it is necessary that 
the network which is close to the wall border is sufficiently 
excellent so that it can cover appropriately the flow changes 
within the boundary layer.
3 |  RESULTS AND DISCUSSIONS
The purpose of this comprehensive study is to investigate the 
flow and the heat transmission of non‐Newtonian fluids in a 
spiral pipe and to compare their results with Newtonian fluid 
flow regarding the specific characteristics of non‐Newtonian 
fluids especially viscosity alteration by using the k−w model. 
Then, by using FLUENT software, a spiral pipe with the fea-
tures that are statistically given in Table 1 were simulated 
in the Reynolds ranges of 2000‐20000 for turbulent flow 
regimes to compare with the empirical results.. Finally, we 
choose an appropriate turbulent model.
3.1 | Geometry draw
Gambit 2.4 software is used to draw spiral coils and net-
working them. The flow is not developed at the beginning 
of the pipe. As the effects of undeveloped flow are reduced 
on final results, the flow has been used in a two‐step pipe. 
The schematic geometry of spiral tubes which is plotted by 
Gambit software is shown in Figure 2.
3.2 | Numerical solution by FLUENT 
software and network selection
When it comes to turbulence in non‐Newtonian fluids, there 
is no physically consistent turbulence model yet. What 
FLUENT does, is replacing the molecular viscosity with the 
apparent one in the RANS equations. In FLUENT software, 
Green‐Gouss cell‐based discretization is based on pressure 
to solve the equations. The turbulence k−휀 model is con-
sidered for modeling the turbulent effects. The gravity effect 
was also discussed. The velocity and coil pressure equations 
are solved by SIMPLEC algorithm. The momentum equa-
tions and volume fractions were used with the accuracy of 
the QUICK scheme, and the power law scheme was used for 
turbulent kinetic energy generation rate and dispersion coef-
ficient. The convergence criterion was equal to 10−6 for ve-
locity, continuity, and volume fraction equations. According 
to the output‐velocity distribution graph Figure 3, it is ob-
served that there is no difference between the results of net-
works B (160 992) and C (239 104). Therefore, we choose 
network B as an appropriate network. It should be noted 
that by increasing Reynolds number, the network becomes 
finer. In the following Figure, the network used is shown for 
Reynolds number 19 000. To assess the independence of the 
solution from the network, geometry with the following char-
acteristics is used. For non‐Newtonian fluid, the parameters 
of mean quality, temperature dependency, types of model, 
and flow regimes (laminar or turbulent) should be considered 
in simulation procedures, while for Newtonian fluids, only 
(9)휏ij,Turb=−휌u�iu�j
(10)휏w=휇
휕v
휕y
T A B L E  1  The geometric properties of the coil
 
Coil diameter 
(Dc) mm
Pipe diameter 
(d) mm
Coil height 
(H) mm
Coil no. 1 274.6 20.8 29.15 F I G U R E  2  The geometry of the spiral coil
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velocity is considered as the crucial parameters in the simula-
tion procedures.
The boundary conditions, which is considered in this sim-
ulation, are statistically considered Table 2.
3.3 | Verification of Results
To verify the accuracy of the results, they are compared ac-
cording to Pawar and Sunnapwar39 for 10% glycol, thermal 
flux 50.000 W/m2, and the input temperature of 375 K for dif-
ferent Reynolds numbers using various turbulent models.39
As shown in Figure 4, the practical and numerical results 
are very close for Reynolds numbers higher than 9000 and 
the lower Reynolds, the more differences between empirical 
and numerical results because the flow is getting closer to the 
transition condition. For Newtonian and non‐Newtonian flu-
ids, the results for friction coefficient are compared with the 
empirical relations,40 as well as the results of Srinivasan et 
al41 in Figure 5. As shown in Figure 5, for Reynolds numbers 
higher than 10 000, the results of numerical and empirical 
solutions are close.41 However, for Reynolds numbers less 
than 10  000, the difference between such results increases 
due to get closer to the transition condition. The flow is very 
unstable at transition condition and that is why the empirical 
results may differ in this zone. This is obvious in Figure 5 
that the difference in results has been increased in Reynolds 
numbers which are close to the transition state.
3.4 | Different model assessment
3.4.1 | Slow flow
To investigate the slow flow, we categorize the fluid into 
three Newtonian, power law, and cross models, and the flow 
is solved by FLUENT software for the Reynolds range of 
600‐2500. As can be seen in Figure 6, the more increase in 
Reynolds number is caused by the less friction coefficient. In 
the slow flow, the non‐Newtonian model is solved with 
n = 0.75, and the friction coefficient value is lower than the 
corresponding value for Newtonian fluid. In the slow flow, 
there are not any significant differences between the results 
of cross and power law models. As it is evident in Figure 7, 
the pressure drop also increases when the Reynolds number 
increases, however, the friction coefficient increases. The ef-
fect of velocity increase will overcome the impact of decreas-
ing friction coefficient and will increase the pressure drop 
and shear stress because shear stress and pressure drop are 
proportional to the velocity squared. It is schematically de-
picted in Figure 8. As Reynolds increases near the wall, the 
velocity gradient rises, and it will increase the shear stress of 
the wall. However, the friction coefficient has a negative re-
lationship with velocity squared, the effect of increasing the 
velocity in f = 휏1
2
pV2
 will overcome the shear stress increasing, 
and it will decrease the friction coefficient. It is plotted in 
Figure 9.
3.5 | Investigating the flow consistency
The turbulent flows are inherently unstable, but in the cases 
that the unstable flow is stable, it can be solved as a stable 
one. The unbalanced system is a system in which the physi-
cal component distribution of the flow changes with small 
turbulence. The flow in the inlet region of the pipe is an 
example of an unstable flow. In the present work, we cal-
culate the distribution of velocity profile for two different 
F I G U R E  3  The velocity profile in the 
outlet
T A B L E  2  Boundary conditions
Parameter Value
Consistency index 0.044
Power law index 0.75
Reference temperature 0
Minimum viscosity limit 0.0001
Maximum viscosity limit 1000
Inlet velocity 1 m/s
Convergence time 5 h
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velocities to assess the stability of the flow inside the spiral 
pipe. As shown in Figure 10, the distribution of velocity 
profile at the pipe outlet for two Reynolds numbers 9000 
and 20 000 has an insignificant difference, so it can be said 
that the flow is stable in the developed region inside the 
spiral pipe.
3.5.1 | Turbulent flow
As can be seen in Figure 11, the turbulent flow was solved 
by FLUENT software for k‐e and k‐w turbulence models, 
and the results of the k‐w model are more consistent with 
experimental results. That is why the k‐w model was used to 
examine the various parameters in a turbulent flow.
The Newtonian, power law, and cross models were sim-
ulated by FLUENT software to examine the turbulent flow. 
In Figure 12, the effect of increasing Reynolds number is 
shown on the friction coefficient inside the spiral pipe. As 
seen, the more Reynolds number, the less the friction coeffi-
cient is. The amount of friction coefficient in spiral pipes is 
greater than in the direct pipes, due to the secondary flows.
In Figure 13, the pressure drop inside the pipe is plotted 
in terms of various Reynolds numbers. Although the friction 
coefficient decreases by increasing in Reynolds number, the 
F I G U R E  4  Comparison of the results 
of the numerical solution and empirical 
values39
F I G U R E  5  Comparison of numerical 
solution and empirical relation results
F I G U R E  6  Friction factor for 
different Reynolds numbers in the laminar 
flow
   | 7VALIZADEH Et AL.
increase in turbulence of the flow inside the pipe causes an 
increase in the pressure drop in the pipe.
In the flow inside the pipe, increasing in Reynolds number 
decreases the thickness of the boundary layer and increases 
the velocity gradient within the boundary layer, and according 
to 휏 =휇0
(
휕u
휕n
)
, increasing in velocity gradient will increase 
the shear stress of the wall, which is shown in Figure 14.
In the flow inside the spiral pipe, due to the centrifugal 
force and the higher radius near the outlet surface, the veloc-
ity increases as it moves away from the coil center, and this 
causes that the shear stress in the outer wall is higher than the 
shear stress in the inner wall of the coil. The velocity contours 
clearly show the effect of coil curvature on the shear stress, 
and we can conclude the dependence of shear stress on the 
coil curvature. By decreasing the coil curvature, velocity gra-
dient increases on the central line of the cross section, which 
is shown in Figure 15.
3.6 | The geometry effect
As shown in Figure 16, changing in the coil curve (
delta=d
/
Dc
)
 has a significant effect on the pressure drop, 
where d is the pipe diameter and Dc is the coil diameter. As the 
coil curve increases (decreasing diameter), centrifugal force 
F I G U R E  7  Pressure drop for laminar 
flow in different Reynolds
F I G U R E  8  Shear stress for laminar 
flow in different Reynolds
F I G U R E  9  Velocity distribution in 
the outlet for different models with n = 0.75
8 |   VALIZADEH Et AL.
F I G U R E  1 0  Dimensionless velocity 
distribution for Reynolds number of 9000 
and 20 000
F I G U R E  1 1  Comparison of turbulent 
models for k‐w and k‐epsilon
F I G U R E  1 2  Turbulent flow friction 
factor in different Reynolds number
F I G U R E  1 3  Turbulent flow pressure 
drop in different Reynolds number
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and shear stress of the wall increase. Increasing the wall shear 
stress and friction coefficient will increase the pressure drop 
inside the pipe. Therefore, it is observed that as the coil diam-
eter decreases, the centrifugal force increases and this in-
creases the friction coefficient and pressure drop of the tube.
In Figure 17, the friction coefficient graph is shown in 
terms of various values of delta for Reynolds number 2000. 
As described before, the friction coefficient has a posi-
tive relationship with the pressure drop, and it decreases 
by decreasing in curvature. Therefore, it is revealed that in 
terms of various amounts of delta, the friction coefficient 
increases as the curvature increases in a slow and turbulent 
flow. The pressure drop and friction coefficient are plotted 
for different steps. It can be seen that the change in coil step 
does not have any significant effect on them and the pres-
sure drop and friction coefficient are almost constant be-
cause by changing the step, effective parameters on flow do 
not change, such as Reynolds number and secondary step.
F I G U R E  1 4  Turbulent flow shear 
stress in different Reynolds number
F I G U R E  1 5  Distribution of velocity 
connectors in turbulent flow
Re = 20 000Re = 15 000Re = 9000
F I G U R E  1 6  Pressure drop variations 
in different delta numbers
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F I G U R E  1 7  Friction factor variations 
in different delta numbers
F I G U R E  1 8  Friction factor variations 
in different delta numbers in two different 
Reynolds number
F I G U R E  1 9  Effect of pipe diameter 
on the friction factor
0.012 0.013 0.014 0.015 0.016 0.017 0.018 0.019 0.02 0.021
0.005
0.006
0.007
0.008
0.009
0.01
0.011
0.012
0.013
0.014
0.015
d
Fr
ic
tio
n 
fa
ct
or
 
 
Re = 7000
Re = 20 000
F I G U R E  2 0  Pressure drop variations 
for different K values
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In Figure 18, the friction coefficient graph is shown in 
terms of various values of delta for two Reynolds numbers. 
The curvature effect is plotted for two different Reynolds 
numbers, and in slow and turbulent flow, the coefficient fric-
tion increases as the curvature increases.
3.6.1 | Investigate the effect of pipe 
diameter change
To study the effect of pipe diameter change on the friction co-
efficient, three coils with diameters of 12, 16, and 20.8  mm 
were considered. The friction coefficient is calculated for two 
different Reynolds numbers. As seen, by increasing Reynolds 
number, the effect of diameter change on friction coefficient 
increases. In other words, for Reynolds number of 20 000, the 
percent of friction coefficient change by increasing the pipe 
diameter is 20% higher than it for Reynolds number of 7000, 
which is due to the existence of a secondary flow that is more 
effective for higher Reynolds numbers. It is shown in Figure 19.
3.6.2 | The K effect
In this case, n = 0.75, and the pressure drop graph is plotted 
for different K values. The K value is, in fact, the constant 
F I G U R E  2 1  Friction factor variations 
for different K values
F I G U R E  2 2  Velocity distributions 
for different K values
F I G U R E  2 3  Pressure drop variations 
for different n values
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value of viscosity, existence of the fluid viscosity, regardless 
the behavior of the material and acts as a constant coefficient 
in the shear stress equation, and its change causes changes 
in the kinematic viscosity of the material. In this section, the 
friction coefficient and pressure drop are plotted for a con-
stant velocity with an increase in K value from 0.0009 to 
0.002. Thereby, increasing the K value has a significant ef-
fect on the wall shear stress, which increases the friction co-
efficient and pressure drop inside the pipe. Also, increasing 
the K value will increase the thickness of boundary layer, as 
well as the friction coefficient. The increasing n will increase 
the thickness of the boundary layer, and this will increase the 
pressure drop and friction coefficient. It is plotted in Figure 
20.
Increasing the K value has a significant effect on the wall 
shear stress, which increases the friction coefficient and pres-
sure drop inside the pipe. In Figure 21, the impact of growing 
K value on various parameters is shown.
In Figure 22, the velocity profile at the coil outlet is plotted 
for three different K values. As shown in Figure 22, increas-
ing the K value will increase the thickness of the boundary 
layer, as well as the friction coefficient.
F I G U R E  2 4  Friction factor variations 
for different n values
F I G U R E  2 5  Velocity distributions in 
the outlet for different n values
F I G U R E  2 6  Nusselt number 
variations in different Reynolds for different 
models
0.6 0.8 1 1.2 1.4 1.6 1.8 2
x 104
50
100
150
200
250
300
Re
N
u
 
 
Newtonian
Non Newtonian power law
Cross
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3.6.3 | The effect of n
In this section, with the assumption that K value is constant, 
the pressure drop graph is plotted for different n values. As 
shown in Figure 23, for n<1, increasing the n will cause a 
very low change rate in pressure drop and friction coeffi-
cient, but for n>1, they are strongly affected by the n value 
so that by increasing n from 1 to 1.5, pressure drop and fric-
tion coefficient are about 4 times higher, while by increasing 
n from 0.5 to 1, this magnitude is about 30% for pressure 
drop.
The value of shear stress is related to the velocity gradient 
equation (휏 =휇0
(
휕u
휕y
)n
), when n>1, increasing n will signifi-
cantly increase the shear stress value. When n<1, the in-
crease in the friction coefficient is very low. As shown in 
Figure 24, the thickness of the boundary layer does not 
change for n<1, and the effect of increasing n will increase 
the wall shear stress.
F I G U R E  2 7  Brinkman number 
variations in different Reynolds for different 
models
0.6 0.8 1 1.2 1.4 1.6 1.8 2
x 104
0
0.2
0.4
0.6
0.8
1
1.2
1.4 x 10
–4
Re
B
rn
km
an
 n
um
be
r
 
 
Newtonian
Cross 
Non-Newtonian power law
F I G U R E  2 8  Nusselt number 
variations in different Reynolds for different 
models in the constant thermal flux state
0.6 0.8 1 1.2 1.4 1.6 1.8 2
x 104
50
100
150
200
250
300
Re
N
u
 
 
Newtonian
Non Newtonian power law
Cross
F I G U R E  2 9  Brinkman number 
variations in different Reynolds for different 
models in the constant thermal flux state
0.6 0.8 1 1.2 1.4 1.6 1.8 2
x 104
0
0.5
1
1.5
2
2.5 x 10
–4
Re
B
rn
km
an
 n
um
be
r
 
 
Newtonian
Cross 
Non-Newtonian power low
14 |   VALIZADEH Et AL.
As shown in Figure 25, increasing n will increase the 
thickness of the boundary layer, and this will increase the 
pressure drop and friction coefficient.
3.7 | Examination of heat transfer 
characteristics
3.7.1 | Constant temperature state
In this part, the external temperature of the wall is T = 340 K; 
the fluid enters the spiral coil at a temperature of 290 K. Then, 
the Reynolds effects are examined on the Nusselt number, 
the external temperature of cross section, and other param-
eters in different models. As shown in Figure 26, increasing 
Reynolds number increases the Nusselt number. Increasing 
velocity near the wall will make turbulence, which increases 
the heat transfer coefficient.
The Brinkman number (Br) is obtained by NBr= 휇U
2
k(Tw−Tb)
. 
According to this equation, factors such as velocity, wall tem-
perature difference, and the mean flow velocity are depen-
dents. As Reynolds number increases, although the wall and 
fluid temperature difference increase slightly, the effect of 
increasing velocity is much higher and causes Brinkman 
number to increase, as shown in Figure 27.
3.7.2 | Constant thermal flux state
In this part, the input thermal flux to the coil is considered to 
200 kW/m2, and the fluid flow enters the coil at a tempera-
ture of 290 K. By changing velocity, the Reynolds number 
of mean flow changes, causing a difference in the Nusselt 
number and wall temperature. Like the constant temperature 
state, increasing the velocity increases the turbulence near the 
wall, and it will increase the Nusselt number. It is shown in 
Figure 28.
In the constant flux state, the increase in velocity also 
increases the Brinkman number, and its difference with the 
constant temperature state is that the increase in Reynolds 
number decreases the differences between the average wall 
and fluid temperature. Therefore, the rise of the Brinkman 
number is much more in the constant flux state than in the 
constant temperature state. It is shown in Figure 29.
3.7.3 | The roughness effects
In this section, the roughness effects in turbulent flow are 
examined on increasing heat transfer and friction coefficient. 
To do it, the values of friction coefficient and Nusselt num-
ber are calculated in turbulent flow for different roughness. 
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As shown in Figures 30 and 31, increasing the amount of 
roughness will increase the friction coefficient due to the in-
crease in turbulence. Also, by increasing turbulence inside 
the boundary layer, the heat transfer coefficient increases be-
tween the surface and the fluid that will increase the Nusselt 
number. It is worth to say that as the Reynolds number in-
creases, the roughness effect is higher on the friction and 
heat transfer coefficients. For example, for Reynolds 6000, 
increasing the roughness from 0 to 0.0005, the increase in 
the friction and heat transfer coefficients is 30% and 70%, 
respectively. However, for Reynolds 20  000, the Nusselt 
number is three times higher, and the friction coefficient in-
creases by 100%.
4 |  CONCLUSION
The main conclusions which are obtained from this compre-
hensive study are as follows:
• In the study of slow flow, which is solved for the Reynolds 
range of 600‐2500, increasing the Reynolds number de-
creases the friction coefficient.
• The non‐Newtonian slow flow is solved with n = 0.75, and 
the friction coefficient is less than Newtonian fluid. It is 
observed that in slow flow, there is no significant differ-
ence between the results of cross and power law models.
• As the Reynolds increases near the wall, the velocity gradi-
ent increases, and this will increase the wall shear stress.
• The distribution of velocity profile has a slight difference 
at the pipe outlet for Reynolds 9000 and 20 000. In other 
words, the flow is constant in a developed region inside the 
spiral pipe.
• The investigation of pressure drop inside the pipe revealed 
that regarding the increase in Reynolds number, the fric-
tion coefficient decreases.
• In the flow inside the spiral pipe, due to the centrifugal 
force and the higher radius near the outlet surface, the ve-
locity increases as it moves away from the coil center, and 
this causes that the shear stress in the outer wall is higher 
than the shear stress in the inner wall of the coil.
• Due to the various amounts of the delta, the friction co-
efficient increases as the curvature increases in slow and 
turbulent flow.
• The friction coefficient is calculated for two different 
Reynolds numbers. As seen, by increasing Reynolds 
number, the effect of diameter change on friction coef-
ficient increases. In other words, for Reynolds number 
of 20 000, the percent of friction coefficient change by 
increasing the pipe diameter is 20% higher than it for 
Reynolds number of 7000, which is due to the existence 
of a secondary flow that is more effective in higher 
Reynolds numbers.
• Increasing the K value has a significant effect on the wall 
shear stress, which increases the friction coefficient and 
pressure drop inside the pipe. By changing velocity, the 
Reynolds number of mean flow changes, causing a differ-
ence in the Nusselt number and wall temperature.
NOMENCLATURE
u(t) Turbulent velocity field
u Independent velocity from the selected time
휂 Mean quantity
휆 Thermal conductivity
휌 Density
H Coil height
Dc Coil diameter
휌u′
i
u′
j
 Mean of density‐weighted fluctuation
휏ij,Turb Reynolds stress tensor
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